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1. INTRODUCTION

The performance of active sonar systems is limited by interfering scurces
of noise and reverberation and to combat these the scnar designer has control
of three independent parameters namely array size, signal bandwidth and signal
pulse duration.

For large ship-borne sonar applications, it is possible to implement the
recquired sigmal processing and beam forming fimctions using digital techniques
{Ref 1), However, in the case of amaller sonars, particularly with smaller
arrays, where to meet performance specifications it is necessary to go to
larger signal bandwidths, the adoption of digital techniques using present day
devices still imposes unacceptable limits on the processing performance avall-
able {Ref 2), Fortunately, the charge-coupled device (CCD) (Ref 3) has ‘
appeared on the scene amd seems ideally suited to the small array applications
for both stabilised beam forming and matched~filter signal processing. The OCD
accepts analogue signal samples directly and performs the necessary operational
and storage functions at speeds in excess of that required far sonar. In addi-
tion, the 0D, based on MDOS technology, has the simplicity, economy, and lower
power consumption that this technology affords and this canbined with the
direct, analogue approach makes it suitable for the smaller, higher bandwidth
sonars.

2. 0OCD EEAM FORMING AND STEERING

To steer the beam formed by a hull-mounted fixed array requires the intro-
duction of delay elements betweécn each transducer in the array. If the delay
of each element can be varied and controlled as a function of the ship's
motion then the direction of the beam can be stabilised in space. In the case
of a OCD delay line the delay is simply varied by varying a clock frequency
governing the speed of charge transfer through the device. The OCD is,
therefore, ideally suited to this type of beam forming and steering where .
clock frequency generation provides a convenient digital interface with a con-
trolling camputer.

2.1 Receive Beam Forming
Figure 1 shows how a receive beam is formed fram a column.of transducers

has been designed and made by RSRE, Malvern, arnd is referred to as a Time
Delay and Integrate (IDI) device (Ref 5). The prototype device is a P-channel
OCD using a three-phase polysilicon technology, and has sixteen inputs. The
range of time delays, and hence possible beam-steer angles, that can be
achieved by the TDI is a fimction of the minimm and meximum clocking
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frequmcies..ﬂhemhﬂnmdockfrequernyissetbyﬂlewquistmsmplhg
rate criterion, and the highest signal frequency being sampled. The highest
clockﬁequmcyissetbymaoceptablelevelofsnearmgofmesmpledlarges
being clocked through the TDI. In practice, the maximm value of ¢ is limited
to about 30°, the limit being set by acceptable levels of side-lcbes. At fre—
quencies below 100 kHz existing devices will steer beams to within 1° of the
straight-ahead direction. i

An experimental four beam steering system based on the preceeding design
features has been bullt and tested at sea. Typical beams formed by this system,
wherethesteeringangleismﬂerdjzectdigitalcmtrol,amslwwnmﬁgums
2 and 3. Although the facility is available, it is obvious from the plots that
no element 'shading' has been applied.

2.2 Transmit Beam Forming

Figure 4 shows how a beam is formed in the transmit mode. Here a signal is
smrpledaﬂclodcedalm:ga@delayline,arﬂeqmllyspacedtapssmseﬂxe
charge packets as they pass. By means of a band-pass filter on each tap output,
mtputsignalsarereomsﬂtuted,andead:tapmxtwtsignalhasamase
rehtimshipwiﬂaalloﬂmertapm:tputsignalsmichisafmctimofthedelay
line clock fregquency.

An experimental four beam steering system has been produced which cample-
ments the previously described four beam receive system. The corresponding
transmit beams chtained in measurements at sea are shown in Figures 5 ard 6.

3. OCD SIGNAL PROCESSING

The sonar signal processor uses a cambination of active and passive modes
in order to aid the detection and classification of targets. The signal pro-
cessor usually consists of a matched filter for active ranging, and a spectrum
analyser for active Doppler and passive operation, Matched fllters can be
implemented using a wide variety of techniques, but for sonar applications the
cholce becames limited, because processing involves signal sotrage times rang-
ing fraom several tens of milliseconds to a second or so in some cases. In
addition, because of the difficult underwater environment and 1imited perfor-
mance parameters, it is a distinct advantage to introduce a considerable degree
offle:dbilityintomeprmssingsystaninordertoheabletooptimiseme
performance for a given set of conditions (Ref 4).

3.1 Parameter Values and Scnmar Performance

For a given array size and signal bandwidth, the reverberation-limited
perfonmnceofasmmrsystmmayhemmentedmtenmofdetectimmngemﬁ
operating frequency as, for example, line RL{B) in Fig 7, where the performance
increases with increasing frequency due to reduced beamwidths.

For a given transmitted power, the noise-limited performance of a system

is governed by the signal pulse duration, T, and noise-limited performance may
alsoberepresmtedinFig?byalinesu&asm.(Tl)._m.{-Tl) in this case
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correspordstoashnpléenergydetectofsysten, using a pulse duration case
Tl = 1/B to achieve a performance consistent with the reverberation-limited

case RL(B). The performance decreases with increasing frequency as shown due
to an increase in attenuation, and point A represents the maxdmum performance
achievable with such a simple system, where the optimm balance is struck
between potential reverberation and nolse-limited performance, -

3.2 'IheAdvantag;eofOorrelatthmca;sirq

It can be seen fram Flg 7 that to exploit further the potential reverbera-
tion performance of a system as represented by RL(B), there is a need to go to
higher operating frequencies and to improve the noise-limited performance to an
exl:entsuchaslj.nem.(Tz) in the fiqure. This can only be achieved by adopt-

ing correlation or pulse campression techniques which make it possible to use a
signal bandwidth, B, to retain the reverberation-limited performance RL(B)

whilst transmitting a much longer pulse length than the reciprocal of the
bandwidth (T2 »> 1/B) to achieve the required noise-limited performance. In

practice, inmprovements in detection range of the order of 30% over the simple
energy detector system are readily achieved by this means.

3.3 The Effect of Limited Array Size

When the array size is limited it becomes increasingly difficult to main-
tain a satisfactory reverberaticn-limited performance as, for example, in the
case depicted in Fig 8 which shows the effects of an increase in surface rever-
beration as a result of an increase in sea state from SS1 to SS3. In this
situation the detection range decreases by a factor of about 2 from point A to
point C and there is no lomger a satisfactory balance between reverberation
and noise-limited performance. In fact, the potential noise-limited perfor-
mance provided by pulse length T is contributing nothing to the performance at
point C and in these circumstances it is wortlwhile considering the possibility -
of exchanging same of this potential noise performance for an increased rever-
beration performance, For a given size and camplesdity of equipment there will
be a limit to the BT product available for correlation processing and thus,
keeping within a set, maximm valve of BT, improved reverberation performance
may be achieved by increasing B and reducing T appropriately. The effect of
such a change by a factor of 3 is shown in Fig 8 where it can be seen that a
ocamparatively small sacrifice in nolse-limited performance has led to a dramatic
improvement in reverberation performance to point D, recouping most of the lost
detection range AC.

Here then 1s a strung case for correlation processing cambined with a more
flexible design approach to provide ready selection of conbinations of operat-
ing parameters B and. T thus enabling the performance to be cptimised within the
bounds of given equipment and envirommental constraints, ‘

Fortunately the development of charge coupled device transversal filters

which can readily be used to implement correlation type receivers has enabled
a gystem based on these principles to be constructed.
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3.4 D Inglenmtatim"of a Trangversal Filter

The transversal filter is a general purpose sampled data, signal processing
element. The filter performs a convolution of input samples with weighting
coefficlents which form the impulse response of the device. This may be
expressed mathematically as

Cn) = ES(N) r
N n

Such a filter with electrically programmable coefficients has been realised
monolithically (Ref 6). The device architecture (figure 9) is simple and com—
pact and is a direct realization of the transversal filter structure. The
device has been implemented using linear charge transfer device and MOS com-

penent technology.

- The signal register is formed from a tapped analogue OCD delay line.
Signal information is represented by packets of charge which are transferred
between closely spaced electrodes by applying a succession of pulsed voltages.
Periodic tapping of the signal fram the CCD delay line is achieved via
capacitively—coupled sensing gates which are included at appropriate points
within the OCD electrode structure.

Because the CCD signal register provides the necessary time-shift
a static analogue reference register is sufficient to supply the weighting
values to the multipliers in parallel form. Weighting coefficients are altered
or refreshed via a single multiplexed analogue input bus. *

For general purpose signal processing, accurate multiplication of the
signal and reference samples is required at each filter point. A novel mlti-
plication arrangement has been developed around a single MOS transistor
cperating in the triode region which gives much improved performance over pre-
vious configurations., Matching requirements have been removed by time multi-
Plexing and the entire multiplication and summing network is effectively
chopper-stabilised at the system clock frequency.

3.5 Performance
Aprineapplicatimofﬂmeprogrmmabledeviceinactivesmarsyatmsis

as a matched filter, where the impuise response of the filter is chosen to be

the time-reverse of the waveform to be detected. In such applicationa high

Bandwidth-Time products are desirable The maximum BT product that may be
achieved is. glven by .

(BTimax = ¥ , , (2)

where N is the nuwber of filter taps.

When a OCD is used as a matched filter the ultimate limit on the muber of
filter points is determined by the charge transfer inefficiency (cti) of the
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device, Computer sinmlatim :lniicates that performance is adequate providing
the product

BTe < 1 . {3

where ¢ is the cti value per filter stage. Thus for a typical e per stage of

10~ Bt's of 1000 may be used implying a total filter length of at least 2000
points.

When this work commenced, in 1977, OCD processing using aluminium gate tech-
nology limited device length to 64 points, with the possibility of producing
256 point devices in the future using polysilicon processing. For this reason
64 point devices were made available and a 256 point matched filter was con—
structed on a single printed circuit board. A scnar signal processor was made
using these filter boards and was evaluated during shallcow water sea trials.
Recently a 256~point polysilicon device has been developed and evaluated in the
Laboratory, andthesedeviceswillbecascadedtorrakea 2048 point processor
in the near future.

4. OCD BASED SONAR SYSTEM

The original 256 point CCD matched filter circuit boards form the basis of
a flexible, lincar amplitude sonar system (figure 10). The system consists of
a captive array which can be suspended at depth from a trials vessel., Beam
forming is achieved within the array unit, and beam cutputs are routed to a
ship-board variable gain receiver.

The gain of the receiver is mlcroprocessor controlled and can be initially
programmed by the operator, then released to adjust the gain adaptively on the
basis of stored echo amplitude information from previous listening intervals.
In this way non-linear amplitude agc type receivers are avolded. Waveforms to
be transmitted by the array and OCD reference samples are also microproocessor
generated. These waveforms may be selected to suit operational requirements.

The signal processor which follows the receiver cperates on baseband signals,
ard therefore consists of inphase and quadrature channels. Each channel in-
cludes a 256 point OCD matched filter. ﬁwmaseofthedmmlisdetemmed
by the reference samples.

The system has been tested at sea in Scottish Coastal Waters using a UK 'O
class conventional submarine as a target, and shallow water performance against
a strong reverberation background has been demonstrated.

Conclusion

The requirement for flexible spatial and signal processing systems capable
of optimising the reverberation limited performance within given operational
constraints has been indicated. Experimental versions of OCD sonar beamforming
and signal processing systems have been assenbled and tested at sea. The
results indicate that the OCD is well suited to sonar applications offering
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improved performance not anly because of the flexibility of the mssim; but
because the inherent power saving and compactness of the devices provide for
more advanced post-processing.
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